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Summary
Fusarium is a widespread genus of filamentous fungi and a member of the soil micro-
bial community. Certain subspecies are health threatening because of their mycotoxin pro-
duction that affects the human and animal food chain. Thus, for early and effective pest
control, species identification is of particular interest; however, differentiation on the sub-
species level is challenging and time-consuming for this fungus. In the present study, we
show the possibilities of intact cell mass spectrometry for spore analysis of 22 different
Fusarium strains belonging to six Fusarium subspecies. We found that species differentia-
tion is possible if mass spectrometric analyses are performed under well-defined condi-
tions with fixed parameters. A critical point for analysis is a proper sample preparation of
spores, which increases the quality of mass spectra with respect to signal intensity and m/z
value variations. It was concluded that data acquistion has to be performed automatically;
otherwise, user-specific variations are introduced generating data which cannot fit the exist-
ing datasets. Data that show clearly that matrix-assisted laser desorption ionization-based
intact cell/intact spore mass spectrometry (IC/ISMS) can be applied to differentiate closely
related Fusarium spp. are presented. Results show a potential to build a database on Fusa-
rium species for accurate species identification, for fast response in the case of infections in
the cornfield. We furthermore demonstrate the high precision of our approach in classifica-
tion of intact Fusarium species according to the location of their collection.
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Introduction
Fungi are essential microorganisms in our modern
society. Besides their use as treating agents in waste-
water management, biofuel production, pulp and paper
industry, fungi have also gained importance in antibiotic,
protein, organic acid and food production (1). However,
fungal diseases in humans are growing – especially in
those with compromised immune systems (2,3). Also, a
dramatic economic impact on farming has to be men-
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tioned. If ripening cereals, seeds or food stocks are in-
fected, crops have to be disposed of because of diseases
like Fusarium head blight (FHB), which is responsible for
high mycotoxin levels in affected plants. This Fusarium-
-based disease plays a crucial role especially in the ani-
mal and human food chain (4). Eckard et al. (5) showed
on the morphological and mycotoxin level that silage
maize is frequently infected by Fusarium species in Swit-
zerland. It was shown that 12 different species contri-
buted to maize infections in a concerted manner. A pre-
vious study in European countries (6) revealed that in
wheat mainly 3 species, namely F. graminearum, F. ave-
naceum and F. culmorum, are responsible for FHB with
less frequent observation of F. poae, F. cerealis, F. equiseti,
F. sporotrichioides, F. tricinctum and F. acuminatum, making
the former three the most important ones to be identi-
fied at an early stage. Additionally, a difference in host
preference was suggested for F. graminearum after study-
ing 560 members of the species complex collected from
different infected hosts like wheat, maize and barley in
South Africa (7). To fight FHB in the cornfield, biocon-
trol agents for European cereals are of interest and the
latest studies suggest mycoparasitic effects of certain fun-
gal species like Trichoderma against Fusarium (8,9). Tricho-
derma was positively tested against Fusarium oxysporum
f. sp. lentis (10) and it has been shown that Trichoderma
gamsii 6085 is able to antagonize F. culmorum and F. grami-
nearum on rice but is severely inhibited on wheat haulms
(11).
Taking all these findings together, it seems obvious
that there is a trend to develop biocontrol agents show-
ing good growth on certain agricultural products, target-
ing furthermore the correct plant pathogen, e.g. a spe-
cific member of the Fusarium species complex. Thus, a
quick identification of Fusarium sp. on the species level
is highly desirable to bring the perfect biocontrol agent
into action. Unfortunately, the taxonomy of Fusarium has
been a subject of controversy for many years (12,13),
making species identification difficult. Identification of
fungi can be straightforward like in the case of Candida
albicans, Aspergillus fumigatus or Candida glabrata, but in
some cases it is very challenging, as it has been shown
for Fusarium (14), because the morphological species con-
cept does not reflect the phylogenetic tree of the Fusa-
rium genus (12). Morphological and biochemical traits
often fail to identify these fungal pathogens. Neverthe-
less, early detection of Fusarium crop infections like FHB
is important; however, it is often based on questionable
genetic markers or methods detecting a long list of my-
cotoxins (4) when the exact composition of fungal sub-
species is not known. Therefore, both approaches can
identify a plant pathogen as Fusarium, but subspecies dif-
ferentiation, important for targeted antagonistic treatment,
is very often not possible.
Furthermore, these analytical approaches are very
time consuming. For fast and accurate analysis, intact cell
mass spectrometry (ICMS) has been shown to be a power-
ful tool. For ICMS, matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry (MALDI-TOF-MS)
is used to desorb and ionize analytes from the surface of
intact or partially lysed cells. For this, samples are di-
rectly embedded into a MALDI matrix without laborious
sample clean-up or enrichment steps and subsequently
surface-associated analytes are desorbed and ionized by
a UV laser and the resulting ions are mass analyzed. This
technique has already helped to identify bacteria (15–17),
to diagnose Fusarium proliferation during infection (18),
and to identify Bacillus pumilus (19). Detailed discussions
of ICMS used for the analysis of microorganisms (20),
and for fungal identification in particular (21), are avail-
able. Robust protocols for bacterial classifications have
been developed (22) taking mixed cultures (23–25) and
experimental factors (26–28) into account. Well developed
software algorithms (29–32) sometimes allow better spe-
cies identification than classical biological approaches.
Only recently, a study on clinically relevant Fusarium spe-
cies (33) has been published showing that species differ-
entiation is possible after acid extraction of fungal colo-
nies cultivated for 72 h. Another approach differentiates
for the first time Fusarium sp., Aspergillus sp. and Muco-
rales sp. directly from the fungal culture surface (34). The
latest trends have started to focus on fungal spores (35–
37), where no cell lysis is taking place and only surface-
-associated analytes are used for species differentiation.
However, no study on fungal spore classification for
closely related Fusarium subtypes is available so far,
addressing the final demand for building a robust data-
base for rapid and direct species identification.
In this paper, we present for the first time that dif-
ferentiation at the lower taxonomic level is possible di-
rectly from intact spores using MALDI-based ICMS, as
demonstrated for 22 Fusarium species. We call this spe-
cific approach also intact spore mass spectrometry (ISMS).
A simple and fast sample preparation of fungal spores,
applicable to coloured and non-coloured spores, allows
for the first time to differentiate closely related Fusarium
spp. solely based on mass spectrometric peptide/protein
fingerprinting (by IC/ISMS) and statistical analysis of sur-
face-associated analytes. The presented results are a first
approach towards the development of a database.
Materials and Methods
Chemicals
Ferulic acid (FA) was obtained from Fluka (Buchs,
Switzerland). Acetonitrile and glycerol were of analyti-
cal grade and purchased from Merck (Darmstadt, Ger-
many). Trifluoroacetic acid (TFA) was obtained from
Riedel-de-Haën (Seelze, Germany). Water was purified
with a Simplicity® water purification system (Millipore,
Billerica, MA, USA). The protein MALDI-MS calibrants
cytochrome c and the ACTH 7-38 fragment were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA).
Fusarium spores
Austrian Fusarium isolates, collected from different
hosts, were prepared as previously described (38). In
short, Fusarium spp. were cultivated on nutrient plates
and spore productions were performed in shake flasks.
After sterile filtration, the collected spores were mixed
with 20 % glycerol in water and stored at –20 °C. Spore
concentrations were determined by spore counting using
a light microscope (Nikon Instruments, Tokyo, Japan).
Before IC/ISMS, 50- to 100-mL spore solutions were puri-
fied using a Nanosep® centrifugal device (Pall, Ann Arbor,
MI, USA) with a molecular mass cut-off of 10 kDa and
the final retentate was suspended in water to obtain a
concentration of 3.5×106 spores per mL. Fusarium spp.
used in this work and strain details are listed in Table 1.
IC/ISMS
For reproducibility studies, multiple replicates were
prepared for each sample, and then the selected samples
were chosen to evaluate MALDI sample preparation tech-
niques (for details see Table 1).
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Sample preparation 1 (SP1): Samples for analysis were
prepared by the mixed volume method (39). Briefly,
MALDI matrix solution (10 mg of FA in 1 mL of aque-
ous 0.1 % TFA containing 70 % acetonitrile) was mixed
with the same volume of freshly prepared spore suspen-
sion in a sample tube using a table-top vortexer. A vol-
ume of 1 mL of this mixture was applied on a stainless
steel MALDI-MS target and dried at room temperature.
Sample preparation 2 (SP2): An enhanced sample pre-
paration especially suitable for coloured Fusarium samples
was used (40). The preparation procedure is the same as
SP1, but after drying at room temperature another 5 mL
of MALDI matrix solution were deposited on top and
again allowed to dry at ambient temperature.
Mass spectrometry
Positive ion MALDI mass spectra were acquired on
an AXIMA CFR+ (Kratos Analytical, Shimadzu Biotech
Ltd, Manchester, UK), equipped with a nitrogen laser. The
instrument was operated in a fully automated manner
by predefining the following parameters: linear ion mode,
delayed extraction set to m/z=5000 for optimal resolution,
accumulation of 2500 unselected and consecutive laser
pulses for one mass spectrum per sample omitting the
automated removal of mass spectra of low mass spectro-
metric quality (e.g. low absolute signal intensity or signal-
-to-noise (S/N) ratios), mass spectra acquired from the
whole sample spot according to a predefined raster cover-
ing the whole sample preparation, ion gate set to m/z=
1000 to remove unspecific fragment and cluster ions, and
the m/z range from 2500 to 15 000 used for data analysis.
Mass spectra were calibrated externally using singly and
doubly charged cytochrome c ions (m/z=12361.2 and




The detailed analysis of sample preparation tech-
niques was performed on m/z aligned data. For this pur-
pose mass spectra were smoothed using the Savitzky-
-Golay algorithm (number of channels: 20) and baseline
subtracted (filter width 200), both by using the vendor-
-provided acquisition software (Launchpad v. 2.8.4.2008
1127, Kratos Analytical, Shimadzu Biotech Ltd). After
that, data were exported as mzXML files (41) and reim-
ported into mMass v. 2.4 (42) for signal assignment. Mass
spectra were normalized with respect to the highest sig-
nal and an alignment was automatically generated by an
in-house script considering peaks from different mass
spectra to be identical if their m/z differences were less
than [1+(m/z)/3000], giving a variable threshold of 1.8–6
Da for signals between m/z=2500 and 15 000. Signal in-
tensity for m/z values that did not appear in all repli-
cates was set as 0.
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Table 1. List of Fusarium strains used during this study. For each species the host and location of collection together with the MS









Number of IC/ISMS replicates
Sample preparation 1 Sample preparation 2
graminearum
1122 unknown unknown 13 13
2761 maize Wieselsdorf 12 12
2763 maize Wieselsdorf 16 13
2764 maize Wieselsdorf 14 14
2765 barley Probstdorf 14 14
2766 wheat unknown 15 15
poae
2774 maize IFA-Tulln – 11
2775 barley Probstdorf – 11
2781 barley Probstdorf – 11
2793 barley Lambach – 11
2794 barley Lambach – 10
cerealis
2739 maize Wieselsdorf – 10
2740 maize Wieselsdorf – 10
2741 maize Mogersdorf – 10
2743 barley Lambach – 10
culmorum
2745 wheat unknown – 10
2752 wheat unknown – 10
sporotrichioides
2796 maize Wieselsdorf – 10
2797 maize Wieselsdorf – 10
equiseti
2755 wheat unknown – 10
2756 wheat unknown – 10
2760 walnut unknown – 10
Feature extraction
After smoothing and baseline subtraction using again
the above-mentioned Launchpad, mass spectra were also
exported as text files to another in-house software called
MS Feature Extractor (v. 1.01). All peaks with an S/N ratio
exceeding a threshold of 3 were marked between m/z=
2500 and 15 000 and extracted as features for further anal-
ysis.
Partial least square discriminant analysis (PLS-DA)
was carried out using DataLab v. 3.5 (43). Classifier me-







accuracy=[(true positive+true negative)/213·100)] /3/
Results and Discussion
Fusarium strains relevant for Austrian agriculture were
classified on the species level by IC/ISMS. Here we pre-
sent that mass spectrometry is capable of distinguishing
species at low levels of the Fusarium lineage tree by in-
vestigating solely their spores in a quick and time-saving
manner.
Reproducibility of sample preparation
Up to now, only little attention has been paid to
changes in spectrum quality of replicate measurements,
and predominantly descriptive surveys of mass spectra
after changes in sample preparation are available. Recent-
ly, the first statistical approach to data evaluation after
ICMS analysis has been published for clinically relevant
pathogens (44). However, no information on reproducibil-
ity and precision of an experiment is available for fungal
spore analysis where cell lysis was particularly avoided
(mild pH conditions); therefore, no species-characteristic
intracellular material is released during sample prepara-
tion. One can assume that intact spores are a prerequi-
site for better reproducibility. As we have reported pre-
viously, mass spectra generated from Fusarium spores of
different subtypes exhibit differences with respect to the
observed m/z values and signal intensities using a cer-
tain sample preparation, namely SP1 (38). We also re-
ported that for coloured Fusarium species an enhanced
sample preparation, SP2, can help to give better mass
spectra with respect to useful S/N ratios (40).
In the present study, we thoroughly evaluated our
first observations by a rigorous statistical analysis. First,
the same set of mass spectra was provided to two differ-
ent users and their peak picking process was investigat-
ed. We observed a user-dependent number of assigned
peaks, although both users were experienced in the field
of MALDI-TOF-MS (both have more than 6 years of ex-
perience) and both were given the same criteria for peak
picking: signals had to be picked from all sample repli-
cates in a mass range from m/z=2500 to 15 000 with the
S/N ratio above 3. All mass spectra related to F. grami-
nearum (CPK 1122, 2761, 2763, 2764, 2765, 2766) and F.
poae (CPK 2774, 2775, 2781, 2793, 2794) samples were
chosen and in total peaks of 135 mass spectra were picked
by two MS users. Fig. 1 represents the most intriguing
data from samples CPK 2774, 2775 and 2781. The total
number of peaks picked by the users from 10 IC/ISMS
preparation replicates of the same spore preparation var-
ied by 100 % for CPK 2774 (108 and 212 signals assigned)
and up to 400 % for CPK 2775 (65 and 265, respectively).















total number of detected m/z values
detected in at least 20 % of all measurements
detected in at least 50 % of all measurements
detected in at least 70 % of all measurements
Fig. 1. Peak counts obtained by manual peak assignment for three different Fusarium graminearum species evaluated by two different
users given the same parameters for peak assignment: S/N>3 and peaks have to be picked in the mass range from m/z=2500 to 15 000
We evaluated the manual peak picking approach as
experienced users, especially those who have to inter-
pret non-isotopically resolved mass spectra, tend to trust
their own peak picking process more than automated pro-
cedures which very often miss the correct peak maximum
of badly resolved signals. Laboratory practice showed that
automatically retrieved peak lists are often manually
revised, which we wanted to prove to be an incorrect
approach even for badly resolved mass spectra recorded
in the linear ion mode.
After taking a closer look at the data and assigned
signals, it was found that user 1 intuitionally did not as-
sign alkali adduct ions as [M+Na]+ or [M+K]+ species
and user 2 tried to avoid exactly this, therefore assigning
more signals than usual. This shows that even for ex-
perienced users manual peak assignment is not consist-
ent, although peak picking defaults had been agreed upon.
It has to be pointed out here that at the moment an auto-
mated peak picking algorithm is not capable of distin-
guishing alkali adduct ions from [M+H]+ ions in the case
of IC/ISMS data due to broad peak shapes. Neverthe-
less, statistical analysis gives better results if only fea-
tures of high significance are processed, but Na+ or K+
adduct ions provide only redundant information. Also,
the intuitive removal of supposed adduct ions can lead
to missed signals from less abundant species showing
the same m/z value.
Fascinatingly, it was observed that the percentage of
significant signals decreased to the same extent for both
users when looking at the number of peaks assigned in
at least 20, 50 or even 70 % of all 10 replicates. In CPK
2774 for user 1 62 % (62), and for user 2 66 % (141) of
the signals were found in at most 3 out of 10 replicates.
These similar rates prove the consistency of peak assign-
ment for both users. Furthermore, it also shows that a
stringent peak picking process is not better suited for
omitting multiple analyte assignments (i.e. [M+H]+, [M+
Na]+, [M+2Na–H]+ and [M+K]+). If this was a fact, the
percentage of reoccurring signals would have to be higher.
The reproducibility of data handling was also document-
ed by the fact that the number of assigned peaks for
sample CPK 2781 handled by user 2 on two days within
three weeks remained roughly the same.
Although it was ascertained that the number of peaks
found in at least 2, 5 or 7 out of 10 mass spectra de-
creased to the same percentage for two different users
within one sample, the extent cannot be generalized. For
CPK 2774 38 and 34 % of the signals were found in at
least 70 % of the replicates. Although for CPK 2775 up
to 43 % (for both users) were highly reproducible ana-
lyte signals, for CPK 2781 only 19 and 21 % were re-
dundant. Therefore, for manual peak picking it was con-
cluded that peak assignment is reproducible for one user
if clear definitions are available. However, two users work-
ing within the same project may encounter difficulties in
the process of species classification since a different num-
ber of features (peaks) may be extracted from the same
species, leading to various principal components (details
discussed later). In conclusion, an automated peak pick-
ing algorithm allowing only little influence by the user
is proposed.
We also studied spectral information, reproducibili-
ty and precision of detected m/z values and respective
intensities by comparing SP1 with the improved proce-
dure of SP2 for all available F. graminearum species (in
total 6 samples and 165 mass spectra). For this, mass
spectra were assigned only by one user, namely user 2,
applying the same criteria as for the first stage of eval-
uation (smoothed and baseline subtracted mass spectra,
m/z=2500–15 000, S/N>3). As an example of the overall
observed results only, F. graminearum CPK 1122 is dis-
cussed in detail. Results of the application of SP1 and
SP2 are presented in Figs. 2a and b, respectively. The
average mass spectra of F. graminearum CPK 1122 are
displayed as their centroid spectra showing that for SP2
the number of overall detected peaks is significantly re-
duced (SP1: 112, SP2: 47). But considerably more impor-
tant is the fact that for SP2 most of the signals were de-
tected in more than 50 % of the mass spectra, reflecting
the high reproducibility of this sample preparation. For
SP1 only 44 out of 112 signals (39 %) were detected in
more than 50 % of the mass spectra.
Especially the high background signal in the lower
m/z region (m/z<5000) was decreased for SP2, improv-
ing the relevance of the information for the developed
technique. For better illustration of this finding, Fig. 2
exemplifies the variation of the relative intensity of all
signals. It was observed that the coefficients of variation
(CVs) of the relative signal intensities were between 5
and 45 % in SP2 but varied between 5 and 85 % in SP1.
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Fig. 2. Average, centroid mass spectra calculated from Fusarium
graminearum CPK 1122: a) 13 replicates of sample preparation 1,
and b) 4 replicates of sample preparation 2 were evaluated ac-
cording to the number () of counts for every detected m/z value
and the CVs () of the respective relative intensities
Besides this, the reduced chemical noise resulted in better
S/N ratios, which can also be observed if Figs. 2a and b
are compared. In Fig. 3a the precision for the determined
m/z values giving CVs of 0.01–0.07 % even for very low
abundance peaks (<0.1 % relative intensity) is presented
as a model for F. graminearum CPK 1122 prepared using
SP2. For SP1 unspecific adduct ion formation contribut-
ed adversely to mass precision, giving finally an average
mass deviation of 0.11 ppm for SP1 in comparison with
0.06 ppm for SP2. Higher reproducibility of relative sig-
nal intensities and more precise m/z value determination
were not specific for F. graminearum CPK 1122 alone, but
were observed for all F. graminearum species. This fact is
seen in Fig. 3b where SP1 is compared to SP2. The latter
exhibits significantly better CV values for all m/z values
independent from the respective signal intensity. Taking
all evaluation steps together, it can be stated that for fu-
ture applications an automated, unambiguous detection
and classification of Fusarium species by IC/ISMS SP2 is
the method of choice for sample preparation.
Fusarium species classification
Twenty-two agriculturally relevant Fusarium species
were selected and at least ten replicates were measured
by IC/ISMS with SP2 method. All mass spectra were ex-
ported as a text file to the MS Feature Extractor. Spectral
characteristics, so-called features, for 245 mass spectra
had to be evaluated according to their suitability for Fu-
sarium species classification. In the MS Feature Extractor,
m/z signals relevant for each mass spectrum were marked
according to their peak widths and the resulting features
were extracted with respect to their signal intensity max-
ima, their average signal intensities and their S/N ratios.
In total 164 different features were assigned for the 22
species. The same procedure was used for smoothed and
baseline-subtracted mass spectra.
The gained feature list was exported for classifica-
tion analysis. In a first approach, we had already suc-
cessfully tested supervised hierarchical cluster analysis
for its capability to differentiate F. poae and F. gramine-
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Fig. 3. Determination of: a) the precision of the detected m/z values of Fusarium graminearum CPK 1122 evaluated according to the re-












Fig. 4. Tenfold cross-validation: a) classifiers of the locations, b) classifiers of the species. The cross-validation was repeated five
times to show the stability of the model. The average values of the root mean square errors of prediction are indicated by lines. The
unusual behaviour of the data for the location Mogersdorf may be due to the small number of samples from this location
arum (45). Nevertheless, increasing the number of spe-
cies makes supervised analysis complicated and time
consuming, which makes this approach less attractive.
Furthermore, hierarchical cluster analysis was no longer
capable of clearly distinguishing the species.
We therefore developed two models based on par-
tial least square discriminant analysis (PLS-DA) to clas-
sify all involved species. For the development of the
models we used a dataset containing 213 observations of
six species at four locations. The information on the spe-
cies was encoded by using binary indicator variables
which formed the Y-matrix (target values) for the PLS-
-DA classifiers. The independent X-matrix was based on
49 spectral features derived by the MS Feature Extractor.
The dataset was split into test and training data using
the leave-a-quarter-out approach. In order to determine
the optimum number of PLS factors, we applied 10-fold
cross-validation (Figs. 4a and b, respectively), which was
repeated five times to get an impression of the stability
of the models. About 20 factors proved to be sufficient
for both models to get excellent classification results. The
validity of the classifiers was checked using the leave-
-a-quarter-out approach. The results of the validation step
are shown in Figs. 5a and b. Both the classifier of locations
and the classifier of species performed well. In the case
of locations (Fig 5a), five out of 213 samples classified as
false positive and one classified as false negative. The
classifier of species (Fig. 5b) performed even better, only
three out of 213 samples were classified as false positive,
and none as false negative.
The overall performance of the classifiers is shown
in Table 2. Except for the classification of the location
Mogersdorf, which shows a precision of only 83 %, all
other classifier metrics are close to 100 %. The low pre-
cision of Mogersdorf may be due to the small sample
size from this location. Further investigations based on
more sampes should be carried out to check whether this
deviation is only a singular event.
Conclusions
Up to this study, it has not been shown in detail that
the differentiation of Fusarium species can be facilitated
from fungal spores by the applied classification method.
We were able to show clearly that a differentiation of
related subspecies (according to Watanabe et al. (12)) can
be achieved using a proper sample preparation technique
and classification method.
At this point, it has to be stated that we are aware of
the fact that the presented results were generated from
Fusarium isolates. We are also aware of the fact that a
plant infection like FHB is usually not caused by only
one Fusarium species and we want to point out that we
understand that there can be a regional change in the
distribution of Fusarium species (46).
Nevertheless, the presented data clearly show that a
proper MS sample preparation and a consistent way of
peak picking following predefined parameters allows the
classification of intact Fusarium spores by IC/ISMS ac-
cording to the species and location of harvesting. This
study is considered a good basis for further investiga-
tions towards an IC/ISMS-based Fusarium spore database.
Expanding the number of studied species, including dif-
ferent hosts and regions, can provide more general re-
sults for a fast and reliable species identification, maybe
even of spore mixtures – allowing a targeted treatment
of crops with the respective antagonist.
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Fig. 5. Application of the classifiers to the test sets using a leave-a-quarter-out approach: a) results of the locations, and b) the species;
wrong classification results are indicated by crosses, true positives are in the upper left, true negatives in the lower right corner
Table 2. Common classifier metrics showing the performance of
the classifiers
Location Recall/% Precision/% Accuracy/%
Wieselsdorf 100.0 98.8 99.5
Mogersdorf 100.0 83.3 99.1
Lambach 100.0 100.0 100.0
Probstdorf 98.5 97.1 98.6
Species
F. cerealis 100.0 100.0 100.0
F. culmorum 100.0 100.0 100.0
F. equiseti 100.0 100.0 100.0
F. graminearum 100.0 98.8 99.5
F. poae 100.0 97.0 99.5
F. sporotrichioides 100.0 95.2 99.5
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